The relationship between coercivity and the microstructural parameters ¡ and N eff for grain refined NdFeB sintered magnets was examined. The parameter ¡ describes the effect of grain misalignment and a decrease in the magnetocrystalline anisotropy of the Nd 2 Fe 14 B grains on the coercivity. The parameter N eff describes the influence of the demagnetizing field on the coercivity. These parameters were evaluated for NdFeB sintered magnets with three different grain sizes and the same composition. N eff decreased with grain refinement, while ¡ varied only slightly with grain size. This implies that the decrease in the demagnetizing field increased the coercivity through grain refinement. Grain shape and asperity were then evaluated by the aspect ratio, angle of the grain to the direction of magnetization, and reverse circularity. Although the aspect ratio and angle of the grains were not related to the changes in N eff , variation of the average reverse circularity corresponded to the changes in N eff with grain refinement. Therefore, improving the asperity should increase the coercivity through grain refinement.
Introduction
NdFeB sintered magnets possess the highest energy product ((BH) max ) and are widely used for a variety of purposes including motors for hybrid electric vehicles (HEV). A coercivity of around 3 T at room temperature is required for their use in HEV motors because the coercivity temperature coefficient is large. Currently, heavy rare earth elements such as Dy and Tb are added to improve the coercivity. However, increasing the Dy content decreases the (BH) max , and natural Dy resources are limited. Therefore, it is important to find methods for improving the coercivity without or with less use of Dy. The coercivity can be increased by grain refinement of the Nd 2 Fe 14 B phase.
1) Une and Sagawa 2) have reported that the coercivity of NdFeB sintered magnets increased to around 2 T with grain refinement to around 1 µm. However, this coercivity is still low compared to the theoretical value. Therefore, it is necessary to elucidate the relationship between the coercivity and microstructure of grain refined sintered magnets. There are two main methods for investigating this relationship: microstructure observation 36) and applying the micro magnetic model 7) using the Kronmüller equation:
where, ® 0 H cJ is the coercivity of the magnet, ® 0 K 1 is the anisotropic constant, J s is the saturated magnetic polarization, and ¡ and N eff are the microstructural parameters. Here, ¡ can be divided into ¡ ¤ and ¡ K , as shown in the following equation:
In this case ¡ ¤ describes the effect of misalignment of the Nd 2 Fe 14 B grains and ¡ K describes the decrease in the magnetocrystalline anisotropy of the grain surface. The parameter N eff describes the effect of the demagnetizing field, and it mainly depends on the demagnetization factor. N eff is given by the following equations:
where N m is the demagnetization factor, which depends on the shape of the magnet, N st is the demagnetization factor of the non-magnetic region, and N g is the demagnetization factor of the magnetic grains.
There have been a number of studies of microstructure observation, 36) but the microstructural parameters of grainrefined sintered magnets with high coercivity have not been thoroughly investigated. Therefore, the purpose of this study was to investigate the relationship between the coercivity and microstructural parameters of grain-refined sintered magnets with high coercivity.
Experimental Procedures
Three types of NdFeB sintered magnets with different grain sizes were prepared by a novel pressless process 10) using 27.0 mass% Nd, 4.60 mass% Pr, 1.0 mass% Co, 0.10 mass% Cu, 0.25 mass% Al, 1.02 mass% B, bal.Fe alloy powders (Intermetallics Co., Ltd.). These alloy powders, which were prepared by the jet-milling technique, were magnetically aligned, sintered, and annealed under optimum conditions.
The magnetic properties of the samples were measured along their magnetically aligned direction from room temperature to 525 K using a vibrating sample magnetometer (VSM), after applying a pulsed magnetic field of 8 T. The maximum applied magnetic field of the VSM was 2 T at room temperature, and 1.5 T above room temperature. The samples for VSM measurement had dimensions of 3 © 3 © 3 mm 3 . The microstructures were observed by field emission scanning electron microscopy (FESEM) and analyzed by electron backscatter diffraction (EBSD). The plane of magnets parallel to the magnetically aligned direction were polished using SiC abrasive paper down to #4000 and a colloidal silicate suspension. The microstructure was evaluated using a grain analysis image created by combining the backscattered electron image (BEI) and EBSD images (Fig. 1) . The grain boundary between the Nd 2 Fe 14 B grain and the Nd-rich phase was determined using the BEI and grain boundary map, which was constructed from the EBSD image taken from the same area as the BEI. Grain size (D) was evaluated by calibrating the cross section grain size (D) measured in the grain analysis image ( Fig. 1(c) ). Grain size is given by the following equation:
Differences in grain shape were evaluated by the aspect ratio and angle of the grain to the direction of magnetization. Figure 2 (a) shows that N eff depended on the grain shape of Nd 2 Fe 14 B. The grain shape was evaluated by determining the aspect ratio, assuming the grain shape as an ellipse ( Fig. 2(b) ), by using the following equations:
where R As is aspect ratio, b is the length of the shortest axis of the grain, a is the length of the longest axis, and A is the cross-sectional area of the grain. Assuming that the grain shape is the same, N eff depends on the direction of the shortest axis of the grain (Fig. 2(c)) . Grain direction was then evaluated by the angle of the shortest axis (ª) to the direction of magnetization ( Fig. 2(d) ). In this study, it was assumed that the direction of magnetization was antiparallel to the applied magnetic field (Fig. 2(c) ).
Even if the aspect ratio and direction (ª) of the grains were the same, it is possible for the asperity of grains to be different because the aspect ratio depends only on the ratio of the length of the longest and shortest axes ( Fig. 2(e) ). Therefore, N eff was influenced by the asperity of the grain, as shown in Fig. 2(e) . The asperity of the Nd 2 Fe 14 B grain was evaluated using the circularity (Fig. 2(f ) ) given by
where C is the circularity and l is the perimeter of the grain. Circularity indicates how close the grain is to a circle; the value shows how flat the surface of the grain is, even if the aspect ratio of the grains is similar. A value of 1 corresponds to maximum circularity. Reverse circularity (CA) is defined by the following equation:
3. Results and Discussion Figures 3(a)3(l) shows the BEI, the magnified BEI, the EBSD images, and the grain analysis images for each of the samples A, B and C. The mean grain sizes (D 50 ), number of evaluated grains (n D ), density (μ), and magnetic properties measured at room temperature are summarized in Table 1 . The mean grain size of samples A, B and C was 1.0, 1.7 and 4.0 µm, respectively. Although the saturated magnetic polarization of the samples was similar, coercivity increased as the mean grain sizes decreased. Figure 4 shows the temperature dependence of the saturated magnetic polarization and coercivity of the three samples with different mean grain sizes. The saturated magnetic polarization for all the samples exhibited similar temperature dependence. In contrast, for each temperature, coercivity increased with grain refinement. The linear variation of coercivity with the increase in temperature was measured from room temperature to around 373 K. When the temperature increased further, the changes in coercivity were non-linear (Fig. 4(b) ). These results demonstrate that grain refinement affects the increase in coercivity without decreasing saturated magnetic polarization. The microstructural parameters were determined by plotting ® 0 H cJ ·J s ¹1 against 2® 0 K 1 ·J s ¹2 (Fig. 5) , and by using a least-squares program from room temperature to around 373 K. The microstructural parameters of samples A, B and C are summarized in Table 2 . The value of ¡ was 0.61 in sample A and 0.67 in sample C, and N eff was 1.3 in sample A and 1.8 in sample C. The change in ¡ and N eff between samples A and C was 0.06 and 0.50, respectively. Equation (1) shows that ¡ is the coefficient for 2® 0 K 1 ·J s
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and N eff is the coefficient for J s . The values of 2® 0 K 1 ·J s ¹1 and J s of Nd 2 Fe 14 B were calculated as 6.75 and 1.60 T using reported values of K 1 and J s , 12, 13) respectively; thus, ¡ has a 4-fold larger effect on coercivity than N eff at room temperature. However, in this study, the variation of ¡ was one-tenth that of N eff for samples with grain refinement; therefore N eff has a larger effect on coercivity than ¡.
Equations (3) and (4) show that N eff depends on the demagnetization factors of N m , N st and N g . In this study, N m for the three samples was similar because the sample shape was fixed as cubic. Figures 3(a)3(c) shows that the distribution of the Nd-rich phase was the same for samples A, B and C. In addition, the composition and saturated magnetic polarization of these samples were also the same. Therefore, N st was also similar, and the value of N g influenced N eff the most.
Microstructure evaluation
Figures 2(a), 2(c) and 2(e) shows that N g can be evaluated by treating the grain shape and surface asperity of the grain as separate factors. Because samples A, B and C were annealed at their optimal temperatures, the Nd-rich phase probably surrounded each Nd 2 Fe 14 B grain. Therefore, the microstructural parameters were evaluated under the assumption that the Nd 2 Fe 14 B grains are magnetically isolated. First, the aspect ratio (R AS ) of the Nd 2 Fe 14 B grains was evaluated. Figure 6 shows the number fraction of the aspect ratio of Nd 2 Fe 14 B grains in samples A, B and C. The same number of grains was evaluated for the aspect ratio as for grain size. The average aspect ratios of samples A, B and C were 0.79, 0.76 and 0.75, respectively. As shown in Fig. 6 , the number fraction of the grains with a low aspect ratio decreased with grain refinement. This implies that the decrease in the grains with a low aspect ratio caused the increase in the average aspect ratio. However, the change in the aspect ratio from 0.79 to 0.75 was only 5.3%. The change in N eff was about 40% and therefore aspect ratio was independent of grain size and did not affect N eff .
Assuming that the aspect ratio of grains was the same, the grain direction in relation to the applied magnetic field was also an important factor in evaluating the demagnetization factor. Although the aspect ratio was the same for all the samples, the demagnetization factor depended on the direction of the grain (Fig. 7) . Grain direction can be evaluated by investigating the angle (ª) of the shortest axis to the applied magnetic field. The value of N eff decreased for grains where ª > 45°, whereas N eff increased for the grains where ª < 45°. Figure 8 shows the number fraction of ª in each sample. Because N eff decreases with grain refinement, the number fraction of ª > 45°should increase with grain refinement. However, the highest value occurred in sample B (Fig. 8 ). This demonstrates that grain direction did not depend on N eff . N g can be evaluated by using grain shape and surface asperity. The surface asperity in the Nd 2 Fe 14 B grains increased the demagnetization factor compared with grains with a flat surface (Fig. 2(e) ); therefore the asperity of the grain was evaluated using circularity ( Fig. 2(f ) ). When the grain shape is circular, the length of its perimeter is at a minimum, and the circularity is at its maximum value of 1. In addition, the reverse circularity, which was defined by eq. (9), is at its minimum value of 0. Figure 9 shows the number fraction of the reverse circularity, and Fig. 10 shows the average reverse circularity of each sample. The average reverse circularity decreased with grain refinement (Fig. 10) . The fraction of high reverse circularity decreased with grain refinement (Fig. 9) . The average reverse circularity of samples A, B and C was 0.22, 0.25 and 0.26, respectively. This decrease in reverse circularity was in good agreement with the decrease in N eff . Therefore, the reduction of surface asperity is the main factor in improving the coercivity of these grain refined NdFeB sintered magnets.
Summary
In this study, the relationship between coercivity and the microstructural parameters for grain refined sintered magnets was investigated. It was found that N eff decreased with grain refinement, while ¡ varied little with grain size. Therefore, the decrease in the demagnetizing field increased the coercivity through grain refinement. Grain shape and asperity of the samples were evaluated by the aspect ratio, angle to the magnetized direction, and reverse circularity. Although the aspect ratio and angle of the grain were not directly related to the change in N eff , variation in the average reverse circularity corresponded to the changes in N eff with grain refinement.
Consequently, grain refinement decreased the average reverse circularity and improved the coercivity. Evaluation of the Microstructural Contribution to the Coercivity of Fine-Grained NdFeB Sintered Magnets
